Introduction
============

The biological activities of several proteins and peptides can be exploited for therapeutic applications. Furthermore, the controlled release of oligopeptides has many potential applications in biomedical and pharmaceutical areas, including in the treatment of diabetes, cancer and tumors, and metabolic, cardiovascular, and infectious diseases. However, peptide use is limited due to low hydrolytic stability, poor systemic distribution, short half-life resulting from rapid metabolization, and low ability to cross physiological barriers.

Consequently, many peptide-delivery strategies have been studied, including direct injection into the malignant tissue and administration using osmotic pumps. Alternatively, hyperbranched polymers and dendrimers exhibit properties that make them attractive candidates for oligopeptide delivery. The chemical properties of dendrimer terminal groups and branch flexibilities play critical roles in interactions with cargo molecules. Indeed, different poly(amidoamine) (PAMAM) dendrimer terminal groups are involved, to varying degrees, in interactions with different drug types, as previously demonstrated through molecular modeling tools and experimental validation.[@b1-ijn-12-1985],[@b2-ijn-12-1985] Therefore, choosing the right terminal moiety is critical for modulating the delivery (ie, kinetics parameters) and protection of drug-like peptides.

Computational chemistry and cheminformatics are required for rational molecular designing and discovering new chemical groups from small-molecule databases. Related to this, a new bioinformatics-based strategy for the rational design of new dendrimers as DNA carriers that employs the knowledge of protein--DNA interactions was recently reported.[@b3-ijn-12-1985] Among the dendrimers with potential applications, hydroxyl-terminated PAMAM (PAMAM-OH) dendrimers are suggested safe drug carriers due to non-toxic effects observed during in vitro and in vivo applications.[@b4-ijn-12-1985] Furthermore, the PAMAM-OH dendrimer can preferentially distribute in the brain, enabling targeted therapeutic delivery in disorders such as cerebral palsy, Alzheimer's disease, and multiple sclerosis.[@b4-ijn-12-1985],[@b5-ijn-12-1985] In summary, our concept for dendrimer-based nano-carriers combines various methodological advantages, including efficient cell interactions due to nanosize scaling, a benefit not afforded by liposomes; a monodisperse structure that confers higher stability than micelle-based carriers; a high loading capacity of cargo molecules; and a high ability to cross cellular barriers.

Among the various therapeutic applications for drug-like peptides, angiotensin 1--7 (Ang-(1--7)) is highly beneficial in the treatment of circulatory system, skeletal muscle, and nervous system diseases.[@b6-ijn-12-1985] In particular, skeletal muscle atrophy is a loss of muscle mass and strength, a process that is characterized by decreased muscle fiber diameter, fewer myofibrillar proteins, such as myosin heavy chain (MHC), increased proteolytic pathway dependent on the ubiquitin proteasome system, and changes in muscle fiber types.[@b7-ijn-12-1985] One factor that produces muscle atrophy is angiotensin II (Ang II).[@b8-ijn-12-1985]--[@b10-ijn-12-1985] In several tissues, including skeletal muscle, Ang II and Ang-(1--7) present opposite functions.[@b11-ijn-12-1985]--[@b14-ijn-12-1985] Related to this, a recent report described the effect of Ang-(1--7) as an anti-atrophic factor in skeletal muscle in Ang II-dependent and -independent models, such as in immobilization or sepsis.[@b15-ijn-12-1985]--[@b18-ijn-12-1985] Therefore, finding the mechanisms that potentiate the anti-atrophic actions of Ang-(1--7) is relevant in a therapeutic context. However, the instability of Ang-(1--7) restricts efficient oral or injected administration.[@b11-ijn-12-1985],[@b19-ijn-12-1985] A new delivery method is needed that increases the half-life and improves the bioavailability of this peptide in target tissues.

This study explored the use of a PAMAM-OH dendrimer as an Ang-(1--7) carrier for the treatment of skeletal muscle atrophy. To determine the stability of the peptide/dendrimer formulation, molecular dynamics (MD) simulations were conducted to elucidate the structural phenomena involved in the interaction between both macromolecules and their controlled release into cells. Once a stable peptide/dendrimer formulation was established, in vivo studies were performed to evaluate the impact of the dendrimer on the short-life increase of peptides. To accomplish this, a model of disuse by immobilization (ie, unilateral hind limb casting) was used to evaluate Ang-(1--7)/PAMAM-OH complex stability in mice treated with intraperitoneal (IP) injections of Ang-(1--7) or the Ang-(1--7)/PAMAM-OH complex.

Methods
=======

Molecular simulations
---------------------

The fourth-generation neutral PAMAM-OH dendrimer molecular model ([Figure S1A](#SD1-ijn-12-1985){ref-type="supplementary-material"}) was built by dividing the dendrimer into three parts: the ethylenediamine core, internal dendrons, and the surface, which consisted of hydroxyl terminal groups. Each section was parameterized separately, taking into consideration the CHARMM General force field[@b20-ijn-12-1985] and PARAMCHEM platform.[@b21-ijn-12-1985],[@b22-ijn-12-1985] Components were then connected to form a whole dendrimer by employing homemade scripts. Meanwhile, the Ang-(1--7), molecular model, sequence DRVYIHP ([Figure S1B](#SD1-ijn-12-1985){ref-type="supplementary-material"}), was obtained using the Molefacture Protein Builder plugin of Visual Molecular Dynamics software.[@b23-ijn-12-1985] The peptide topology, parameters, and charges were obtained from the CHARMM27 protein force field.[@b24-ijn-12-1985]

Each structure was placed separately into a TIP3P[@b25-ijn-12-1985] water box and then subjected to energy minimization using NAMD software[@b26-ijn-12-1985] and the conjugate gradient algorithm until reaching convergence. Subsequently, both systems were equilibrated by MD simulations to obtain relaxed structures.

Afterward, molecular docking simulations were performed using the AutoDock4.2 suite[@b27-ijn-12-1985] to obtain a peptide/dendrimer complex. The partial charges were assigned using the CHARMM force field. In this way, three Ang-(1--7) peptides were docked separately in the interior of dendrimer cavities. The center of the grid box was chosen so that the ligand search space was close to the dendrimer ethylenediamine core. Considering the size of the peptide, only three peptides were coupled to the dendrimer. Grid points were set in the x, y, and z dimensions, considering a box size of 25 Å ×25 Å ×25 Å. Grid spacing was set to 0.375 Å. Non-polar hydrogens were not considered in these simulations. The optimal conformation was chosen according to the best score in each docking.

Peptide/dendrimer complexes were then placed into a TIP3P water box with a salt concentration of 150 mM NaCl to simulate physiological conditions. The details of the systems are shown in [Table S1](#SD5-ijn-12-1985){ref-type="supplementary-material"}.

After appropriate energy minimization stage of peptide/dendrimer system, to study the molecular behavior and interaction between neutral PAMAM-OH and Ang-(1--7) peptide, MD simulation was carried out by 60 ns.

All MD simulations described in this study were run under the isobaric--isothermal number of particles, constant pressure, constant temperature (NPT) ensemble (T =310 K; P =1 atm), with periodic boundary conditions in all three directions using the NAMD 2.9 package.[@b26-ijn-12-1985] To maintain constant pressure and temperature, Langevin dynamics with a damping coefficient of 1 ps and the Nose--Hoover Langevin piston method were applied.[@b28-ijn-12-1985] All hydrogen bonds were constrained during the MD simulations using the SHAKE algorithm. Long-range electrostatic interactions were calculated with the particle mesh Ewald[@b29-ijn-12-1985] algorithm, and van der Waals (vdW) forces were estimated using a cutoff of 10 Å. Equations of motion were integrated with a time step of 2 fs using the Verlet algorithm.

Electrophoresis measurements
----------------------------

Complexes were formed in water from the Mili-Q^®^ Integral Water Purification System (EMD Millipore Corp., Billerica, MA, USA) at a pH of 7.4 (NaOH) by adding PAMAM-OH (Dendritech Inc., Midland, MI, USA) to the Ang-(1--7) peptide (Sigma-Aldrich, St Louis, MO, USA) solutions at different peptide/dendrimer molar ratios that were then vortexed and incubated for 30 min at room temperature (\~25°C). Complex formation between PAMAM-OH and Ang-(1--7) was followed by an electrophoretic shift assay. Peptide/dendrimer complexes (10 µL) were mixed with 3 µL Coomassie blue g-250 (Sigma-Aldrich) staining solution for 15 min at room temperature. Complex formation was assessed by migration retardation in the electrophoresis on a 5% agarose gel for 1 h at 100 V using the Bio-Rad Mini-Sub^®^ Cell GT DNA electrophoresis system (Bio-Rad Laboratories Inc., Hercules, CA, USA). After electrophoresis was performed, the resulting gel was analyzed under white light.

Animals
-------

Twelve-week-old C57BL/10J male mice (triplicate independent experiments were performed with six mice per group) were used for experimentation. Unilateral immobilization was performed in the lower hind limb for different times using a 3M™ Scotchcast™ Soft Cast Casting Tape.[@b17-ijn-12-1985] The treatments were performed for 24 h and 14 d depending on the evaluated parameter. For IP treatment, 50 µL of phosphate-buffered saline (PBS), Ang-(1--7) (0.8 mM), PAMAM-OH (0.4 mM), and the complex Ang-(1--7)/PAMAM-OH (2:1) were IP injected three times a week starting 24 h before cast immobilization. For osmotic pump delivery, PBS, Ang-(1--7) (100 ng/kg/min), PAMAM-OH (1 ng/kg/min), and the Ang-(1--7)/PAMAM-OH complex (2:1 molar ratio) were osmotically infused through micropumps (Alzet-Durect, Cupertino, CA, USA), as previously described,[@b15-ijn-12-1985]--[@b18-ijn-12-1985] 24 h before cast immobilization. After experimentation, the animals were euthanized under anesthesia and the gastrocnemius (GAST) muscles were dissected, removed, and rapidly frozen and stored at −80°C until processing. All protocols were conducted in strict accordance and with the formal approval of the Animal Ethics Committee at the Universidad Andres Bello.

Muscle histology and muscle fiber determination and quantification
------------------------------------------------------------------

Freshly frozen GAST muscles were cryosectioned (7 µm) and stained with hematoxylin and eosin (H&E) or Alexa-Fluor 594-tagged wheat germ agglutinin (WGA) (Life Technologies, Carlsbad, CA, USA) according to standard procedures. Fiber sizes were determined by WGA staining using the ImageJ software (National Institutes of Health, Bethesda, MD, USA) on seven blindly selected random images of each experimental condition. Fibers were manually selected, and the minimal Feret diameter of each fiber was estimated using the ImageJ software.[@b17-ijn-12-1985],[@b30-ijn-12-1985]

Contractile properties
----------------------

After treatment, the mice were anesthetized and the insertional tendon (calcaneal) of the GAST was isolated, tied with surgical silk suture, and cut from its insertion. Then, the leg was removed by transecting the femur to maintain intact the origin of the GAST in order to minimize muscle damage due to dissection. The leg, with attached GAST, was tied firmly with surgical silk and immediately placed in a dish containing oxygenated Krebs--Ringer solution. Then the muscles were transferred to a custom-built Plexiglas bath filled with oxygenated Krebs--Ringer solution thermostatically maintained at 37°C for optimal oxygen diffusion. The muscles were tied to a MLT 1030/D force transducer (AD Instruments, Dunedin, New Zealand). Muscle strength was determined as described previously.[@b31-ijn-12-1985]--[@b33-ijn-12-1985] Briefly, the optimum muscle length (Lo) and stimulation voltage were determined from micromanipulations of muscle length to produce the maximum isometric twitch force using a S48 Stimulator (Grass Research Instruments, West Warwick, RI, USA), controlled and measured using a Power Lab 4/35 (AD Instruments) and computed with Lab Chart analysis software (AD Instruments). Maximum isometric specific tetanic force was determined from the plateau of the curve of relationship between specific isometric force (mN/mm^2^) with a stimulation frequency in the range 1--200 Hz for 450 ms, with 2 min of rest between stimuli, and muscle mass and Lo were used to calculate it.

RNA isolation, reverse transcription, and quantitative real-time polymerase chain reaction (PCR)
------------------------------------------------------------------------------------------------

Total RNA isolation and cDNA reverse transcription were performed as previously described.[@b18-ijn-12-1985] Quantitative real-time PCR reactions were performed in triplicate using an Eco Real-Time PCR System (Illumina, San Diego, CA, USA) with predesigned primer sets for mouse atrogin-1, MuRF-1, and the housekeeping gene tubulin (TaqMan Assays-on-Demand; Applied Biosystems, Foster City, CA, USA). The messenger RNA (mRNA) expression was quantified using the comparative ΔCt method (2−ΔΔCT), with tubulin as the reference gene.[@b18-ijn-12-1985]

Immunoblot analysis
-------------------

The muscles were homogenized in Tris-EDTA buffer with a cocktail of protease inhibitors and 1 mM phenylmethylsulfonyl fluoride (PMSF). Proteins were subjected to sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE), transferred on to polyvinylidene difluoride (PDVF) membranes (EMD Millipore Corp.), and probed with mouse anti-myosin heavy chain (MHC) (1:1,000) (MF-20, Developmental Studies Hybridoma Bank of the University of Iowa, USA) and mouse anti-tubulin (1:5,000) (Santa Cruz Biotechnology, TX, USA). All immunoreactions were visualized by enhanced chemiluminescence (Thermo Fisher Scientific, Waltham, MA, USA). Images were acquired using Fotodyne FOTO/Analyst Luminary Workstations Systems (Fotodyne, Inc., Walnut Ridge, WI, USA).

Statistics
----------

For statistical analysis, the one- or two-way analysis of variance with a post hoc Bonferroni multiple-comparison test (Prism^®^, GraphPad Software, San Diego, CA, USA) was utilized. A difference was considered statistically significant at *P*\<0.05.

Results
=======

MD showed that the PAMAM-OH dendrimer cavities could encapsulate two Ang-(1--7) peptides
----------------------------------------------------------------------------------------

Through MD simulations, the center of mass (COM) distance between three Ang-(1--7) and PAMAM-OH dendrimer was analyzed, which is a way to evaluate the formation of a complex between two molecules or, in this case, the degree of Ang-(1--7) penetration inside the dendrimer cavities. Therefore, COM distance analyses were performed to evaluate the stability of the Ang-(1--7) in the inner cavities of the dendrimer, with particular consideration to the COM of each peptide, along the whole MD trajectory ([Figure 1A](#f1-ijn-12-1985){ref-type="fig"}). Two Ang-(1--7) remained stable from a distance of 10 Å from the COM of the dendrimer during \~60 ns of molecular simulation, but the third peptide remained 20 Å away from the dendrimer during the initial 30 ns of simulation time and then escaped from the dendrimer cavities, reaching a distance of \~70 Å. The different stages of the Ang-(1--7)/dendrimer complex are depicted in [Figure 2](#f2-ijn-12-1985){ref-type="fig"}.

To test the binding and environmental protection capabilities of the dendrimer, the percentage of peptide solvent coverage was obtained through solvent-accessible surface area (SASA) calculations, which considered only the final 30 ns of the MD trajectory ([Figure 1B](#f1-ijn-12-1985){ref-type="fig"}). The molecular system of the Ang-(1--7) alone in solution was used as an SASA reference, representing a molecule that is 100% solvent accessible. Considering this information, one of the Ang-(1--7) -- Ang-(1--7) \#2 in [Figure 1B](#f1-ijn-12-1985){ref-type="fig"} -- that escaped from the dendrimer displayed \<10% coverage. This was similar to the Ang-(1--7) alone, while the other two peptides showed a dendrimer coverage of \~55% and \~65%. These analyses indicate that a neutral PAMAM-OH dendrimer could simultaneously encapsulate two Ang-(1--7) in a stable way over the simulation time.

The number of contacts between both molecules was calculated to identify what part of the dendrimer interacted with peptides. Two different dendrimer regions were analyzed, namely, internal cavities and terminal groups, to measure the prevalence of the contacts with peptide amino acids within a cutoff of 3.0 Å. Only the side chains of amino acids and the internal and terminal groups in dendrimers were considered ([Figure 3A](#f3-ijn-12-1985){ref-type="fig"}). According to these results, each amino acid, except the Arg2 residue, interacted preferably with internal dendrimer groups rather than with the terminal groups ([Figure 3B](#f3-ijn-12-1985){ref-type="fig"}). As expected, arginine residue was more exposed to solvent. Additionally, hydrophobic amino acids displayed a favorable interaction with internal dendrimer groups. In fact, the internal cavities of neutral dendrimers have been shown to be of hydrophobic nature.[@b34-ijn-12-1985]

Electrostatic energy drove the interaction between Ang-(1--7) and dendrimers
----------------------------------------------------------------------------

Alternatively, electrostatic and vdW interaction energies between Ang-(1--7)/dendrimer, Ang-(1--7) free/dendrimer, and Ang-(1--7)--Ang-(1--7) were calculated during 60 ns of MD simulation. Considering the nature of the interactions driving complex formation, electrostatic energy played a relevant contribution in the three interactions ([Figure 4A](#f4-ijn-12-1985){ref-type="fig"}). This result suggests that the interactions of charged and polar amino acids with the dendrimer are primarily driving complex formation. Though less relevant, vdW interactions are also important in the Ang-(1--7)/dendrimer complex formation, especially due to hydrophobic residues (Ile, Pro, Val), as discussed earlier ([Figure 4B](#f4-ijn-12-1985){ref-type="fig"}). In summary, both peptide/peptide and peptide/dendrimer interactions displayed high electrostatic interaction energy values, suggesting that both interactions were collaborating in complex formation. Interestingly, despite the lack of charged terminal groups, PAMAM-OH dendrimers could nevertheless establish electrostatic and hydrogen bond interactions with the peptide ([Table S2](#SD6-ijn-12-1985){ref-type="supplementary-material"}). This interaction can be improved depending on the peptide sequence, which could promote other applications of this neutral, non-toxic dendrimer.

Electrophoretic shift assay revealed that PAMAM-OH formed a complex with two Ang-(1--7) molecules
-------------------------------------------------------------------------------------------------

To corroborate that the dendrimer was able to encapsulate two peptides utilizing experimental techniques, the complex formation between PAMAM-OH and Ang-(1--7) peptides was followed by an electrophoretic shift assay where PAMAM-OH and Ang-(1--7) peptides were mixed at different molar ratios (dendrimer: Ang-(1--7)). The titration results ([Figure 5](#f5-ijn-12-1985){ref-type="fig"}) demonstrate that the peptide migration patterns differ depending on the respective dendrimer concentration. Additionally, the dendrimer fully retarded peptide mobility in gels ([Figure 5](#f5-ijn-12-1985){ref-type="fig"}, lane 5). These results demonstrate the ability of PAMAM-OH to form complexes with Ang-(1--7), suggesting that one dendrimer molecule could encapsulate two peptides. This assumption was supported by PAMAM-OH loading capacities observed through MD simulations of the Ang-(1--7)/dendrimer complexes at different molar ratios.

IP administration of the Ang-(1--7)/PAMAM-OHcomplex restored the strength in immobilized skeletal muscle
--------------------------------------------------------------------------------------------------------

Disuse-induced muscle atrophy causes functional changes, including a significant decrease in muscle strength in the immobilized limb. First, the effect of IP administration of either Ang-(1--7) alone or complexed with PAMAM-OH on muscle strength was evaluated. The force--frequency relationship for the isolated GAST of mice unilaterally immobilized during 14 d and treated with Ang-(1--7) alone or complexed with PAMAM-OH is displayed in [Figure 6A](#f6-ijn-12-1985){ref-type="fig"}. This result shows that IP-injected Ang-(1--7) complexed with PAMAM-OH dendrimer is able to recover the force in immobilized GAST to similar levels of non-immobilized, but not for an IP injection of Ang-(1--7) alone. Maximal tetanic force was also calculated, and results are depicted in [Figure 6B](#f6-ijn-12-1985){ref-type="fig"}. Immobilization induced a muscle strength decrease of 32.6%±5.2% that was prevented when the Ang-(1--7)/PAMAM-OH complex was administered via IP injection. An IP injection of Ang-(1--7) alone was unable to recover muscle strength (Non-Imm Vehicle: 100%±9.7%; Imm Vehicle: 67.32%±5.2%; Imm Ang-(1--7): 64.7%±3.3%; Imm Ang-(1--7)/PAMAM-OH: 97.1%±9.3%). These results contrasted with the recovery of muscle strength induced by Ang-(1--7) alone when systemically delivered by osmotic pumps ([Figure S2](#SD2-ijn-12-1985){ref-type="supplementary-material"}). The Ang-(1--7)/PAMAM-OH complex administered by osmotic pumps had an effect similar to Ang-(1--7) alone in immobilized muscle and reached muscle strength values similar to those of non-immobilized muscle (Non-Imm Vehicle: 100%±6.2%; Imm Vehicle: 61.4%±7.2%; Imm Ang-(1--7): 97.3%±4.8%; Imm Ang-(1--7)/PAMAM-OH: 98.1%±5.0%).

These results indicate that IP administered Ang-(1--7) could restore muscle strength only when forming a complex with PAMAM-OH, suggesting the possible protection of Ang-(1--7) by PAMAM-OH.

Ang-(1--7)/PAMAM-OH complex, IP administered, recovered the fiber diameter in immobilized muscle
------------------------------------------------------------------------------------------------

The muscle fiber diameter, which characteristically declines in cases of muscle atrophy by disuse,[@b17-ijn-12-1985] was evaluated. To accomplish this, WGA staining in transversal sections of the GAST muscle was performed. Immobilized muscle displayed an important decrease in fiber diameter ([Figure 7Aa](#f7-ijn-12-1985){ref-type="fig"} versus Ab), while IP administration of Ang-(1--7) only recovered the fiber diameter when complexed with PAMAM-OH ([Figure 7Ag versus Ah](#f7-ijn-12-1985){ref-type="fig"}) and not when was administered alone ([Figure 7Ac versus Ad](#f7-ijn-12-1985){ref-type="fig"}). The PAMAM-OH alone has no effect on the decrease of fiber diameter ([Figure 7Ae versus Af](#f7-ijn-12-1985){ref-type="fig"}). The quantification of mean Feret diameters from [Figure 7A](#f7-ijn-12-1985){ref-type="fig"} is depicted in [Figure 7B](#f7-ijn-12-1985){ref-type="fig"} (Non-Imm Vehicle: 42.6±0.8 µm; Imm Vehicle: 26.5±1.2 µm; Imm Ang-(1--7): 25.4±0.9 µm; Imm Ang-(1--7)/PAMAM-OH: 41.7±1.1 µm). These results contrasted with the administration of Ang-(1--7) by osmotic pump, which prevented the decrease in fiber diameter with both Ang-(1--7) alone and when complexed with PAMAM-OH ([Figure S3A](#SD3-ijn-12-1985){ref-type="supplementary-material"}). In addition, the results presented the quantification of fiber diameter from the data ([Figure S3B](#SD3-ijn-12-1985){ref-type="supplementary-material"}).

These results indicate that the Ang-(1--7)/PAMAM-OH complex was more capable of preventing the decrease in muscle fiber diameter than Ang-(1--7) alone when administrated by IP injection in disuse-induced muscle atrophy.

IP administration of Ang-(1--7)/PAMAM-OH complex prevented the decrease of MHC and the increase of atrogin-1 and MuRF-1 expression in immobilized skeletal muscle
-----------------------------------------------------------------------------------------------------------------------------------------------------------------

A principal sarcomeric protein downregulated in skeletal muscle atrophy is MHC. The effect of IP injection of Ang-(1--7) alone or complexed with PAMAM-OH on the MHC levels was assayed during immobilization. The levels of MHC were downregulated in immobilized GAST by \~47% compared to non-immobilized muscle ([Figure 8A and B](#f8-ijn-12-1985){ref-type="fig"}). Remarkably, only the Ang-(1--7)/PAMAM-OH complex, but not Ang-(1--7) alone, inhibited the decrease in MHC levels induced by immobilization when administered by IP injection (Non-Imm-Vehicle: 1.00±0.08; Imm Vehicle: 0.49±0.05; Imm Ang-(1--7): 0.47±0.09; Imm Ang-(1--7)/PAMAM-OH: 1.01±0.04) ([Figure 8A and B](#f8-ijn-12-1985){ref-type="fig"}). In accordance with our previous results, both Ang-(1--7) alone and the Ang-(1--7)/PAMAM-OH complex inhibited the decrease in MHC levels induced by disuse when administered by osmotic pumps ([Figure 4A and B](#f4-ijn-12-1985){ref-type="fig"}).

Furthermore, the effect of Ang-(1--7) alone or complexed with PAMAM-OH was evaluated on the expression of two UPP markers upregulated by immobilization: atrogin-1 (4.17±0.22 fold of induction) ([Figure 8C](#f8-ijn-12-1985){ref-type="fig"}) and MuRF-1 (3.33±0.35 fold of induction) ([Figure 8D](#f8-ijn-12-1985){ref-type="fig"}). The IP administration of the Ang-(1--7)/PAMAM-OH complex completely prevented the immobilization-induced upregulation of atrogin-1 (1.29±0.25 fold of induction) ([Figure 8C](#f8-ijn-12-1985){ref-type="fig"}) and MuRF-1 (1.21±0.42 fold of induction) ([Figure 8D](#f8-ijn-12-1985){ref-type="fig"}). These effects were lost when Ang-(1--7) alone was IP injected (fold of induction: 3.96±0.27 for atrogin-1; 3.29±0.32 for MuRF-1). In contrast, both Ang-(1--7) and the Ang-(1--7)/PAMAM-OH complex administered by osmotic pumps prevented the upregulation of atrogin-1 ([Figure S4C](#SD4-ijn-12-1985){ref-type="supplementary-material"}) and MuRF-1 expression ([Figure S4D](#SD4-ijn-12-1985){ref-type="supplementary-material"}).

These results indicate that the Ang-(1--7)/PAMAM-OH complex was more capable of preventing the decrease of MHC levels and the upregulation of atrogin-1 and MuRF-1 than Ang-(1--7) when administrated by IP injection in disuse-induced muscle atrophy.

Discussion
==========

The biological effects of Ang-(1--7) are widely described in the heart, kidney, nervous system, liver, and skeletal muscle, among other tissues.[@b35-ijn-12-1985],[@b36-ijn-12-1985] Due to the short half-life of Ang-(1--7), studies evaluating this peptide regularly use osmotic pumps for administration to ensure continuous peptide delivery and release. In this context, designing new delivery methods that increase Ang-(1--7) bioavailability is critical for therapeutic use. To date, only an orally administered formulation of Ang-(1--7) and cyclodextrin is effective in preventing the intestinal degradation of the peptide. However, there are no reports of injectable formulations that delay rapid Ang-(1--7) degradation in the body. This study found a new formulation, based on the Ang-(1--7) complex with the PAMAM-OH dendrimer, which is able to exert an anti-atrophic effect when IP injected in a disuse-induced muscle atrophy model.

Here, we have shown by MD that the dendrimer is able to establish both electrostatic and vdW interactions with Ang-(1--7) peptides -- with the first one being the most relevant -- mainly due to H-bonds. PAMAM-OH dendrimer, due to its non-charged nature, has been shown to have a lower diameter due to internal H-bonds and hydrophobic interactions -- differently to other charged dendrimers such as PAMAM-NH~2~ -- which, due to its charge--charge repulsion, increases its diameter. This effect is contributing to make PAMAM-OH cavities into hydrophobic ones, decreasing the penetration of waters to the inner cavities. On the other hand, inner cavities of PAMAM-OH dendrimers also possess amide groups that can establish hydrogen bonds with the peptides.

This phenomenon was corroborated using an electrophoretic mobility shift assay, which showed that the dendrimer fully retarded peptide mobility at a molar ratio of 2:1, as observed in the MD simulations. In total, these findings suggest that PAMAM-OH is a reasonable alternative for the protection of peptides, the half-life of which, in a biological environment, may be shorter in a solution than in a complex with this dendrimer. Furthermore, the peptide interactions were also dependent on the amino acid sequence. Therefore, improvements on peptide/dendrimer affinity could be formulated using dendrimers decorated with mixtures of neutral (hydroxyl) and charged groups (amine, carboxylate, etc.), as previously suggested.[@b37-ijn-12-1985]

The anti-atrophic effects of Ang-(1--7) on three typical features of disuse-induced muscle atrophy were recently described, specifically with regard to recovering muscle strength and protecting against the loss of myofibrillar proteins and UPP activation. Interestingly, these effects were reported when Ang-(1--7) was administered through osmotic pumps. This study IP injected Ang-(1--7) alone or complexed with the dendrimer PAMAM-OH, finding that only the Ang-(1--7)/PAMAM-OH complex maintained the anti-atrophic effects of Ang-(1--7), while Ang-(1--7) IP injections displayed no improvement in muscle atrophy parameters. This suggests that Ang-(1--7) requires protection when injected. Moreover, the effects of IP injections with the Ang-(1--7)/PAMAM-OH complex were comparable to the effects of Ang-(1--7) administrated by osmotic pumps.

Advances in muscle atrophy therapy are currently focused on administering amino acids or on exercises. However, there are no described molecules or peptides that affect many types of muscle atrophy. In this context, Ang-(1--7) has a demonstrated anti-atrophic effect on Ang-II-dependent and -independent models, such as in disuse, sepsis, or Ang-II-induced cachexia.[@b11-ijn-12-1985],[@b15-ijn-12-1985]--[@b18-ijn-12-1985] This study is highly relevant for muscle biology, particularly with regard to pathological statuses that induce muscle atrophy, such as sepsis, that cannot be treated with oral drug therapies or exercise. Therefore, further studies should be conducted to assess the therapeutic effects of an injectable Ang-(1--7)/PAMAM-OH complex on sepsis-induced muscle wasting.

The presently reported findings could be biologically important in the treatment of numerous chronic and highly prevalent diseases, including cardiovascular, renal, and inflammatory conditions, as well as diabetes, cancer, and glaucoma.[@b36-ijn-12-1985] The effect of Ang-(1--7) has been demonstrated in cardiovascular pathologies such as cardiac remodeling, fibrosis, hypertension, and endothelial dysfunction.[@b36-ijn-12-1985],[@b38-ijn-12-1985] In the case of plasma glucose handling, target tissues evidence beneficial effects of Ang-(1--7), including in skeletal muscle.[@b35-ijn-12-1985] Furthermore, several kidney conditions can be improved by Ang-(1--7) treatment, especially those involving fibrosis.[@b39-ijn-12-1985] Therefore, novel treatments against several chronic diseases that utilize Ang-(1--7) as a principal molecule are also potentially beneficial therapeutic strategies against induced skeletal muscle atrophy.

Conclusion
==========

We determined the feasibility of using neutral dendrimers as therapeutic peptide carriers. This study was based on the biological activity of Ang-(1--7) on skeletal muscle atrophy, and it demonstrated that a novel formulation of Ang-(1--7) with a dendrimer could improve the anti-atrophic properties of Ang-(1--7) when IP injected. Therefore, the Ang-(1--7)/dendrimer complex could serve as a protective delivery system that improves the biological functions of the peptide in vivo. Non-toxic effects were observed in in vivo assays using Ang-(1--7)/PAMAM-OH. At the same time, this study is a contribution to the design of novel dendrimers decorated with neutral (hydroxyl) and/or charged groups (amine, carboxylate, etc.) with the aim of improving or modulating the half-life or kinetic release of peptides and therefore improving the biological effect of peptides, as was demonstrated with Ang-(1--7) in this study.

Supplementary materials
=======================

###### 

Scheme of molecular structures of Ang-(1--7) peptide and PAMAM-OH dendrimer.

**Notes:** Molecular structures of (**A**) PAMAM-OH dendrimer generation 4 and (**B**) Ang-(1--7) peptide.

**Abbreviations:** Ang-(1--7), angiotensin (1--7); PAMAM-OH, hydroxyl-terminated poly(amidoamine); MON, monomer.

###### 

Systemic administration of Ang-(1--7) alone and Ang-(1--7)/PAMAM-OH complex by osmotic pumps prevented the decrease in isometric force of immobilized muscle.

**Notes:** Osmotic pumps were implanted in mice with vehicle, Ang-(1--7), PAMAM-OH or Ang-(1--7)/PAMAM-OH complex and unilaterally immobilized for 14 d. GAST muscles non-immobilized (Non-Imm) or contralateral immobilized (Imm) were excised, and the maximal isometric strength (mN/mm^2^) was evaluated for each condition. Values represent the mean ± SD of three independent experiments. In each experiment, five to seven mice were used for each experimental condition. (\**P*\<0.05 versus vehicle-treated/non-immobilized GAST; ^\#^*P*\<0.05 versus vehicle-treated/immobilized GAST.)

**Abbreviations:** Ang-(1--7), angiotensin (1--7); PAMAM-OH, hydroxyl-terminated poly(amidoamine); GAST, gastrocnemius; SD, standard deviation.

###### 

Ang-(1--7) alone and Ang-(1--7)/PAMAM-OH complex systemically administered by osmotic minipumps, recovered the fiber diameter in immobilized muscles.

**Notes:** The fiber diameter of GAST muscles non-immobilized (Non-Imm) or contralateral hind limb immobilized for 14 d (Imm) from mice previously implanted with osmotic pumps containing vehicle, Ang-(1--7), PAMAM-OH, or Ang-(1--7)/PAMAM-OH complex that were excised and rapidly froze. (**A**) Muscle cross-sections were stained with WGA to delimit muscle fiber sarcolemma. (**B**) Minimal Feret diameters of Non-imm and Imm (with osmotic pump) were determined in the GAST cross-sections from (**A**). The values are expressed as the mean fiber diameter. The graph represents the quantification of three independent experiments. Five to seven mice were used for each experimental condition. The results are represented as the mean ± SD. (\**P*\<0.05 versus vehicle-treated/non-immobilized GAST; ^\#^*P*\<0.05 versus vehicle-treated/immobilized GAST.)

**Abbreviations:** Ang-(1--7), angiotensin (1--7); PAMAM-OH, hydroxyl-terminated poly(amidoamine); GAST, gastrocnemius; WGA, wheat germ agglutinin; SD, standard deviation.

###### 

Systemic administration of Ang-(1--7) alone and Ang-(1--7)/PAMAM-OH complex avoided the diminution of MHC levels and the upregulation of atrogin-1 and MuRF-1 expression in atrophied muscle by disuse.

**Notes:** Mice implanted with osmotic pumps containing vehicle, Ang-(1--7), or Ang-(1--7)/PAMAM-OH complex were unilaterally immobilized for 14 d. GAST muscles of hind limb non-immobilized (Non-Imm) and immobilized (Imm) were extracted. (**A**) Proteins extracts of homogenized muscles were made to evaluate MHC protein levels through Western blot analysis. Tubulin levels were used as the loading control, and molecular weight markers are shown in kilodaltons. (**B**) Quantitative analysis of the bands by densitometry was performed, and the levels of MHC were normalized to tubulin. The results are expressed relative to vehicle with pump/non-immobilized GAST and correspond to the mean ± SD from triplicate independent experiments. In each experiment, five to seven mice were used for each experimental condition. (\**P*\<0.05 versus vehicle-treated/non-immobilized GAST; ^\#^*P*\<0.05 versus vehicle-treated/immobilized GAST.) Total RNA were extracted and atrogin-1 (**C**) and MuRF-1 (**D**) levels were detected through RT-qPCR using tubulin as the reference gene. Expression is shown as the fold of induction relative to vehicle-treated/non-immobilized GAST. The values correspond to the mean ± SD of triplicate independent experiments. In each experiment, five to seven mice were used for each experimental condition (\**P*\<0.05 versus vehicle-treated/non-immobilized GAST; ^\#^*P*\<0.05 versus vehicle-treated/immobilized GAST.)

**Abbreviations:** Ang-(1--7), angiotensin (1--7); PAMAM-OH, hydroxyl-terminated poly(amidoamine); MHC, myosin heavy chain; GAST, gastrocnemius; SD, standard deviation; RT-qPCR, reverse transcription quantitative real-time polymerase chain reaction.

###### 

Details of molecular systems built in this study

  System                Total number of peptides   Number of water molecules   Number of Cl^−^ ions   Number of Na^+^ ions   Total number of atoms
  --------------------- -------------------------- --------------------------- ---------------------- ---------------------- -----------------------
  Ang-(1--7) alone      1                          3.183                       9                      9                      9.693
  PAMAM-OH              0                          25.672                      72                     72                     79.340
  Ang-(1--7)/PAMAM-OH   3                          77.272                      218                    218                    234.810

**Abbreviations:** Ang-(1--7), angiotensin (1--7); PAMAM-OH, hydroxyl-terminated poly(amidoamine).

###### 

Hydrogen bonds between peptides and PAMAM-OH

  Peptide       ASP1             TYR4             ILE5            HIS6
  ------------- ---------------- ---------------- --------------- -------------
  Peptide \#1   MON13 (44.81%)   MON12 (52.22%)                   
  Peptide \#3   MON38 (17.04%)   MON16 (13.15%)   MON8 (20.19%)   MON34 (10%)

**Notes:** Time occupancy over the last 30 ns of MD simulation is shown in brackets. MON denotes an internal monomer of the dendrimer.

**Abbreviation:** PAMAM-OH, hydroxyl-terminated poly(amidoamine).
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![Neutral PAMAM-OH dendrimer encapsulated two dendrimers and protected them from the environment.\
**Notes:** (**A**) Comparison of the distance between the COM of Ang-(1--7) peptides and the dendrimer throughout the 60 ns simulation. (**B**) Percent coverage of Ang-(1--7) in the final 30 ns of molecular simulation determined by SASA method. The Ang-(1--7) peptides that interacted with the dendrimer are represented in gray, green, and purple. The free Ang-(1--7) is blue. The "\#" symbol is for distinguishing among the peptides of each system, the "free" peptide being a control system where no dendrimer is involved.\
**Abbreviations:** PAMAM-OH, hydroxyl-terminated poly(amidoamine); COM, center of mass; Ang-(1--7), angiotensin (1--7); SASA, solvent-accessible surface area.](ijn-12-1985Fig1){#f1-ijn-12-1985}

![Two Ang-(1--7) peptides remained in the PAMAM-OH cavities.\
**Notes:** Snapshots of the peptides/dendrimer complex at (**A**) 0 ns, (**B**) 30 ns, and (**C**) 60 ns of simulation represent the dendrimer shape and the location of Ang-(1--7) in the cavities or dendrimer surface. The peptides are represented by gray, cyan, and purple spheres, and the PAMAM-OH dendrimer is represented in violet.\
**Abbreviations:** Ang-(1--7), angiotensin (1--7); PAMAM-OH, hydroxyl-terminated poly(amidoamine).](ijn-12-1985Fig2){#f2-ijn-12-1985}

![Ang-(1--7) peptides interacted preferentially with the PAMAM-OH dendrimer internal groups.\
**Notes:** (**A**) Representation of the dendrimer regions considered in this study. Each region is highlighted with different colors. (**B**) The occupancy percentage of the amino acids in the final 30 ns of MD simulation. Occupancy was determined by considering the contacts per amino acids at 3.0 Å of distance to the PAMAM-OH dendrimer terminal groups (blue bars) and to the dendrimer internal groups (green bars). Occupancy denotes the average percentage of the two Ang-(1--7) that remained stable within the dendrimer.\
**Abbreviations:** Ang-(1--7), angiotensin (1--7); PAMAM-OH, hydroxyl-terminated poly(amidoamine); MD, molecular dynamics.](ijn-12-1985Fig3){#f3-ijn-12-1985}

![Electrostatic energy predominated in the Ang-(1--7)/dendrimer interaction.\
**Notes:** Frequency plot of the interaction energy between Ang-(1--7)/dendrimer (green), Ang-(1--7) free/dendrimer (blue), and Ang-(1--7)/Ang-(1--7) (pink), in the final 30 ns of MD simulation. (**A**) Electrostatic energy, (**B**) vdW energy. Interaction energy represents an average value for the two peptides that remained stable within the dendrimer.\
**Abbreviations:** Ang-(1--7), angiotensin (1--7); MD, molecular dynamics; vdW, van der Waals.](ijn-12-1985Fig4){#f4-ijn-12-1985}

![Analysis of the formation of Ang-(1--7)/dendrimer complexes at different dendrimer molar ratios.\
**Notes:** Complex formation was assayed by electrophoretic mobility shift determination in 5% agarose gel at a pH of 7.4. The migration of the dendrimer/Ang-(1--7) complexes was visualized by Coomassie staining. The complexes were formed at the following dendrimer/Ang-(1--7) molar ratios 1:10 (lane 1); 1:5 (lane 2); 1:3.3 (lane 3); 1:2.5 (lane 4); 1:2 (lane 5); and 1:1 (lane 6). Lanes 1--6 show the formation of the dendrimer/Ang-(1--7) complexes, and lane 7 illustrates the migration of the non-complexed Ang-(1--7), respectively.\
**Abbreviation:** Ang-(1--7), angiotensin (1--7).](ijn-12-1985Fig5){#f5-ijn-12-1985}

![IP administrated Ang-(1--7)/PAMAM-OH complex prevented the decrease in isometric force of disused muscle.\
**Notes:** Non-immobilized (Non-Imm) or contralateral immobilized for 14 d (Imm) GAST muscles from mice intraperitoneally injected with the vehicle, Ang-(1--7), PAMAM-OH, or Ang-(1--7)/PAMAM-OH complex were excised. (**A**) Curve of force versus frequency was determined. (**B**) Maximal isometric strength (mN/mm^2^) was evaluated. Values represent the mean ± SD of triplicate independent experiments. In each experiment, five to seven mice were used for each experimental condition. (\**P*\<0.05 versus vehicle-treated/non-immobilized GAST; ^\#^*P*\<0.05 versus vehicle-treated/immobilized GAST.)\
**Abbreviations:** IP, intraperitoneal; Ang-(1--7), angiotensin (1--7); PAMAM-OH, hydroxyl-terminated poly(amidoamine); GAST, gastrocnemius; SD, standard deviation.](ijn-12-1985Fig6){#f6-ijn-12-1985}

![IP injection of Ang-(1--7)/PAMAM-OH complex prevented the decreased muscle fiber diameter under disuse.\
**Notes:** (**A**) The fiber diameter of non-immobilized (Non-Imm; a, c, e, g) or contralateral immobilized for 14 d (Imm; b, d, f, h) GAST from mice IP injected with the vehicle (a, b), Ang-(1--7) (c, d), PAMAM-OH (e, f), or Ang-(1--7)/PAMAM-OH (g, h) complex were compared. Muscle cross-sections were stained with WGA to delimit muscle fiber sarcolemma. (**B**) Minimal Feret diameters were determined in GAST cross-sections from (**A**). The values are expressed as the mean fiber diameter. The quantification is representative of triplicate independent experiments. Each experiment used five to seven mice for each experimental condition. Values correspond to the mean ± SD. (\**P*\<0.05 versus vehicle-treated/non-immobilized GAST; ^\#^*P*\<0.05 versus vehicle-treated/immobilized GAST.)\
**Abbreviations:** IP, intraperitoneal; Ang-(1--7), angiotensin (1--7); PAMAM-OH, hydroxyl-terminated poly(amidoamine); GAST, gastrocnemius; WGA, wheat germ agglutinin; SD, standard deviation.](ijn-12-1985Fig7){#f7-ijn-12-1985}

![Ang-(1--7)/PAMAM-OH complex intraperitoneally administrated prevented the decreased MHC levels and increased E3 ligases of disused muscle.\
**Notes:** The hind limb of mice intraperitoneally injected with vehicle, Ang-(1--7), or Ang-(1--7)/PAMAM-OH complex was unilaterally immobilized for 14 d. (**A**) The immobilized (Imm) and non-immobilized (Non-Imm) GAST were isolated and homogenized to evaluate MHC protein levels through Western blot analysis. Tubulin levels were used as the loading control. Molecular weight markers are shown in kilodaltons. (**B**) Quantitative analysis of the experiments from (**A**). The levels of MHC normalized to tubulin are expressed relative to vehicle-injected/non-immobilized GAST and correspond to the mean ± SD from triplicate independent experiments. In each experiment, five to seven mice were used for each experimental condition. Detection of atrogin-1 (**C**) and MuRF-1 (**D**) mRNA levels through RT-qPCR used tubulin as the reference gene. Expressions are shown as the fold of induction relative to vehicle-treated/non-immobilized GAST and the values corresponding to the mean ± SD of triplicate independent experiments. In each experiment, five to seven mice were used for each experimental condition (\**P*\<0.05 versus vehicle-treated/non-immobilized GAST; ^\#^*P*\<0.05 versus vehicle-treated/immobilized GAST.)\
**Abbreviations:** Ang-(1--7), angiotensin (1--7); PAMAM-OH, hydroxyl-terminated poly(amidoamine); MHC, myosin heavy chain; GAST, gastrocnemius; SD, standard deviation; mRNA, messenger RNA; RT-qPCR, reverse transcription quantitative real-time polymerase chain reaction.](ijn-12-1985Fig8){#f8-ijn-12-1985}
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